We have experimentally observed the negative-capacitance transient effect in a ferroelectric HfZrO 2 (FE-HZO) capacitor and developed an equivalent circuit model based on the LandauKhalatnikov (LK) theory. By considering multiple domains (MD) and domain interaction, an MD-LK model precisely reproduced the experimental dynamic characteristics in an FE-HZO capacitor with the various input voltage amplitude and external resistance. The MD-LK model was successfully validated as a dynamic model for FE-HZO capacitor. The MD-LK model is highly expected as a useful simulation model for the dynamic NCFET with a multi-domain FE-HZO gate insulator.
I. INTRODUCTION
To realize highly energy-efficient IoT platform, an ultralow power transistor with steep subthreshold slope is strongly required. A negative-capacitance FET (NCFET) which uses ferroelectric (FE) thin film as a gate insulator [1] is a very promising steep slope transistor [2] - [19] . Thanks to recently explored ferroelectricity in hafnium oxide (HfO 2 ) thin film [20] , an FE-HfO 2 NCFET is highly expected as a solution for the ultralow power CMOS technology because of its following advantages: (1) high on-current, (2) symmetric operation and usage of the same circuit layout with CMOS devices, and (3) CMOS process compatibility.
The NC effect has been experimentally observed from transient responses in FE capacitors by applying voltage pulses to a simple R-C series network with various FE materials: epitaxial Pb(Zr 0.2 ,Ti 0.8 )O 3 (PZT) [21] , epitaxial BaTiO 3 [22] , polycrystalline doped-HfO 2 [14] , [22] - [25] , and spin coated organic material of P(VDF 0.75 -TrFE 0.25 ) [26] . With an equivalent circuit model based on the Landau-Khalatnikov theory [27] , [28] , simulation results showed NC response similar to experimental results. However, with a single domain model (SD-LK model), simulation results were not able to fit the experimental results with high accuracy [14] , [21] . To develop and validate a new model with high accuracy, the LK theory-based multi-domain model (MD-LK model) [27] has been applied [16] to the experimental data in [21] . Although the calibrated MD-LK model in [16] was able to fit the experimental NC effect in PZT [21] , however, only a single input voltage amplitude was demonstrated.
In the previous report on a doped FE-HfO 2 capacitor [23] , fitting accuracy of MD-LK model to experimental NC effect was not satisfactory, and the model was applied only to a single input voltage amplitude. Therefore, from the viewpoint of developing a reliable simulation model, experimental validation of LK model as a dynamic model for FE capacitors (especially FE-HfO 2 ) remains unstudied yet. Developing a valid model that describes the dynamic characteristics of FE-HfO 2 capacitors is crucial for designing the FE-HfO 2 NCFET and circuit based on it [14] - [19] .
The purpose of this study was to experimentally develop the MD-LK model as a useful dynamic model for FEHfZrO 2 (FE-HZO) capacitor. In this study, the NC effect was experimentally observed from the transient responses of a fabricated FE-HZO capacitor [14] . Then, the model was validated by applying the MD-LK model to the experimental NC effect with the various experimental conditions [24] . Our MD-LK model reproduced well the experimental NC effects in FE-HZO capacitors.
II. EXPERIMENTAL DETAILS

A. FABRICATION AND MEASUREMENT
We fabricated metal-insulator-metal (MIM) capacitors of Zr-doped ferroelectric HfO 2 (FE-HZO) thin film with top and bottom electrodes of titanium nitride. Si substrate was cleaned by standard wet clean followed by deposition of bottom electrode by reactive sputtering. After breaking vacuum, 10-nm-thick HZO was deposited by atomic layer deposition (ALD). We chose 30%-Zr-doped HZO, because this composition had a wide process margin for ferroelectricity in our process. Then, top electrodes were deposited by reactive sputtering and shadow mask. The radius for top electrodes was 50mm. Stacked MIM capacitors on Si substrate went through post-metallization-anneal in nitrogen ambient with a rapid thermal anneal process, in which HZO was crystallized. Annealing temperature was 500 • C and anneal time was 90 s.
To directly observe the NC effect in FE-HZO, we measured transient (step) responses of R-C series network which consists of an external resistor and an FE-HZO capacitor [21] - [26] . Fig. 1 shows an experimental setup of circuit diagram for transient analysis on R-C series network with FE-HZO capacitor, in which V in and R represent the input voltage amplitude and external resistance, respectively. We applied a step voltage and monitored transient current (I-t characteristic). From the monitored I-t characteristic, the charge (Q fe ) and the voltage (V fe ) across FE-HZO capacitor were calculated while parasitic components were carefully taken into account. By analyzing the transient responses from FE-HZO capacitor, we obtained the experimental results of the NC. 
B. MODELING
For modeling the observed NC effect in FE-HZO capacitor, we developed a dynamic model for FE-HZO capacitor. As a dynamic model for FE capacitor, we used an equivalent circuit model based on the Landau-Khalatnikov (LK) theory [27] , [28] (LK model). Based on the LK theory, the time evolution of polarization is described as
where, P is polarization, E is electric field across FE, t is time, α, β, and γ are parameters specifying the static characteristics of FE (LK static parameters), and ρ is a parameter specifying the dynamic characteristics (LK dynamic parameter). ρ accounts for the resistance of the polarization to switching, therefore, ρ determines the finite time required for polarization switching to occur. Equation (1) assumes uniform polarization, therefore, (1) can be applied to the FE capacitor with a single ferroelectric domain structure. Based on (1), a single domain (SD)-based FE capacitor can be modeled by series R-C network which consists of an internal resistor (ρ) and a nonlinear capacitor (C fe ) characterized by the parameters of α, β, and γ [21] , [27] , [28] . This SDbased LK model (SD-LK model) was shown in the dotted square line in Fig. 2(a) .
To capture the multi-domains (MD) effect with nonuniform polarization and domain interaction, (1) was modified [27] . Assume one-dimensional domain distribution, the time evolution of polarization in i-th domain is described as (2) where, P i is polarization for i-th domain, and α i , β i , γ i , and ρ i are LK parameters for i-th domain. k is the linear domain interaction parameter that describes the coupling strength between the nearest neighboring domains. Detailed descriptions on the MD model based on the LK theory (MD-LK model) can be found in [27] . Based on (2), FE capacitor with the MD structure can be modeled by parallel ρ-C fe series components as shown in the dotted square line in Fig. 2(b) . In Fig. 2(b) , each FE domain corresponds to each series ρ-C fe component. Additionally, linear domain interaction between nearest neighboring domains, corresponding to the k-included fifth term in RHS of (2), was incorporated into the MD-LK model using Verilog-A.
By using these models, we simulated the step responses in R-C networks with FE-HZO capacitors shown in Fig. 2 . For model calibration, by adjusting LK parameters, we attempted to fit the simulation results to the experimental results with a default condition of V in and R. Then, for model validation, we applied the model to the various V in and R, different from a default condition. 
III. RESULTS AND DISCUSSION
A. FERROELECTRICITY
In this section, we characterize electrical properties of fabricated HZO capacitor to confirm ferroelectricity [14] . Fig. 3 shows measured P-V characteristic of HZO capacitor with frequency of 10Hz. Ferroelectric hysteresis characteristic was clearly observed. Remanent polarization (P r ) of 22 μC/cm 2 and coercive electric field (E c ) of 1.1 MV/cm were obtained which are consistent with other reports [20] . Based on the obtained results in Fig. 3 , we confirmed clear ferroelectricity in our fabricated HZO capacitors (FE-HZO).
B. DIRECT OBSERVATION OF NC
In this section, to observe the NC directly, we measure the transient (step) responses of R-C series network [14] , [21] - [26] with FE-HZO capacitors [14] , [23] - [25] . Figs Responses to positive to negative step voltages were not shown because they were symmetrical with negative to positive cases. The rising time (T rise ) of input step voltage was around 3μs. From the measured I-t characteristic (Fig. 4(a) ), V fe -t characteristic (Fig. 4(b) ) and Q fe -t characteristic (Fig. 4(c) ) were calculated while the parasitic capacitance was carefully taken into account. To determine the parasitic capacitance in our experimental setup, a step voltage was applied to the measurement setup with a known R and without the FE-HZO capacitor. From this transient response of the open circuit through the R, the parasitic capacitance can be approximately speculated. With this method, the parasitic capacitance in our experimental setup was estimated to be lower than 30pF which was much smaller than the paraelectric capacitance of the measured FE-HZO capacitor. By coupling V fe -t characteristic (Fig. 4(b) ) and Q fe -t characteristic (Fig. 4(c) ), Q fe -V fe characteristic was obtained and shown in Fig. 4(d) .
Transient current (I-t) characteristic (Fig. 4(a) ) shows the components of displacement current and polarization switching current which confirms ferroelectricity. In Figs. 4(b) and (c), time period (A-B) in which the voltage decreases as the charge increases (dQ fe /dV fe < 0) was observed. This corresponds to the direct observation of negative differential capacitance (referred as NC effect here) in a transient method [21] - [26] . The region of negative slope in Q fe -V fe characteristic (dQ fe /dV fe < 0) (Fig. 4(d) ) corresponds to the NC effect directly observed in this study.
C. MODEL VALIDATION
So far, NC was directly observed in FE-HZO capacitor. In this section, we use the SD-LK model, then focus on the MD-LK model [24] . We calibrate the model by fitting simulation results to the experimental results. Finally, we validate the model.
Firstly, based on the SD-LK model ( Fig. 2(a) ), LK static parameters of α, β, and γ were extracted by fitting the simulated P-V characteristic to the measured P-V characteristic as shown in Fig. 3 . By assuming γ = 0, α and β can be analytically calculated from the P r and E c of the simulated S-shaped P-V curve [1] in Fig. 3 . From the P r = 21.9μC/cm 2 and E c = 0.81MV/cm in the simulated P-V curve, α = −4.8 × 10 10 Vcm/C, β = 5.0 × 10 19 Vcm 5 /C 3 , and γ = 0 Vcm 9 /C 5 were extracted. Then, SD-LK model-based simulations for the transient response were conducted to extract LK dynamic parameter of ρ. However, even varying ρ in a wide range, SD-LK model-based simulations were not able to fit to the experimental results with high accuracy (see Appendix A). This discrepancy between the SD-LK model-based simulations and the experiments, consistent with other reports [14] , [16] , [21] , is considered to originate in the physical discrepancy between the SD-LK model and the nature of the polycrystalline (multi-domain) FE-HZO thin film [23] .
After verifying the MD-LK model with linear domain interaction (see Appendix B), we assumed following assumptions on the model: (1) The film consists of columnar domains which is in accordance with TEM image in [23] , 348 VOLUME 6, 2018
and domains are distributed in a one-dimension. (2) For simplicity, the number of domains (N) was set to five or ten (N=5 or N=10). (3) An each domain has the same area. (4) For simplicity, the distributions for the LK static parameters (α, β, and γ) were not considered. Only the LK dynamic parameter (ρ i ) was assumed to have distribution among MD array. (5) Domain interaction exists (k > 0), and value of k among whole MD array is the same. Here, additional descriptions on the above assumptions can be helpful. Firstly, regarding the assumption on the above assumption (2), recent studies have shown that the grain size in HfO 2 -based FE thin film is thought to be in a range of 20-30nm [23] . From the area of our measured FE-HZO capacitor, the number of the grains in the FE-HZO thin film is speculated to be range of 10 6 to 10 7 . However, the MD-LK model with such a large number of domains (which results in a large number of parameters) is considered neither efficient nor realistic as a simulation model. In this study, therefore, from the viewpoint of developing a useful compact model for FE-HZO capacitor, we determined the number of domains much smaller. Secondly, regarding the assumption on the above assumption (4), it is considered that the LK static parameters can be also distributed among MD array. However, for simplicity, the distributions of the LK static parameters were not considered in this study, which allowed us to develop the model more effectively.
For model calibration, we firstly determined the domain number (N). Secondly, ρ i distribution among MD array and interaction parameter of k were adjusted to fit the simulation results to the experimental results under a default condition of V in = −4V → +4V and R=20k . In this second step, after determining the ρ i distribution roughly, we determined k by gradually increasing k value to fit the measurement data. After determining k value, ρ i distribution through MD array can be precisely adjusted to fit the measurement results with high accuracy. The impacts of varying ρ and increasing k value on the simulated I-t characteristics can be seen in Fig. B1 and Fig. B2 , respectively (see Appendix B). Fig. 4(a) shows the simulated I-t characteristics based on the calibrated MD-LK model. From this MD-LK modelbased simulated I-t characteristic in Fig. 4(a) , V fe -t, Q fe -t, and Q fe -V fe characteristics were calculated and shown in Fig. 4(b) , (c), and (d), respectively. Figs. 4(a)-(d) show that the calibrated MD-LK model offers accurate fitting compared to the SD-LK model. When N=10 was assumed, adjusted ρ i values were distributed from 3.0×10 4 cm to 3.0×10 6 cm, and the average (m) and standard deviation (s) were 7.6×10 5 cm and 8.5×10 5 cm, respectively. Value of k was adjusted to be 2.0×10 11 Vcm/C.
For model validation, the MD-LK model was applied to the different V in , and then, different R with a default condition. Firstly, we applied the MD-LK model to the experimental condition of V in lower than −4V → +4V. The number of domains was set to ten (N=10). Then, the LK static parameters (α, β, and γ) for an each V in were extracted by fitting the simulated P-V characteristics to the measured P-V characteristics as already done in Fig. 3 . The extracted LK static parameters were shown in Table 1 . In Table 1 This is attributed to the fact that the measurement results of the hysteresis curves depend on the applied voltage. When applied step voltage is V in = −3V → +3V, the LK static parameters were extracted to be α = −5.6 × 10 10 Vcm/C, β = 8.1 × 10 19 Vcm 5 /C 3 , and γ = 0 Vcm 9 /C 5 by fitting the simulated P-V characteristic with P r = 18.7μC/cm 2 and E c = 0.81MV/cm. In the case of V in = −2V → +2V, the LK static parameters were extracted to be α = −7.9 × 10 10 Vcm/C, β = 2.2×10 20 Vcm 5 /C 3 , and γ = 0 Vcm 9 /C 5 by fitting the simulated P-V characteristic with P r = 13.3μC/cm 2 and E c = 0.81MV/cm. For V in = −2V → +2V, the average (μ) and standard deviation (σ) in ρ i distribution were 1.2×10 6 cm and 1.1×10 6 cm, respectively. Then, we applied the MD-LK model to the experimental condition of external resistance larger than 20k . cm, respectively. For R=51k , the average (μ) and standard deviation (σ) in ρ i distribution were 1.8×10 6 cm and 1.9×10 6 cm, respectively. To summarize this subsection, the experimental conditions and fitting parameters are shown in Table 1 .
It is revealed that the value of ρ i distribution is smaller with the higher V in and smaller R. This indicates that the LK dynamic parameter (ρ i ) in FE-HZO depends on the external conditions [24] . It is considered that, in the case of the MDinteracted switching process, the higher V in and/or smaller R can result in more domains to switch at the onset [21] . As a result, the increased number of fast switching domains can contribute to the smaller ρ i value [24] .
On the other hand, from the viewpoint of developing useful simulation model which is mainly focused in this paper, the LK model natively should be calibrated to an each experimental condition with carefulness to achieve a high accuracy because the LK theory is a phenomenological approach. It is believed that the model validation is effective because the modifications on ρ i values were not far from first calibrated ρ i values. The MD-LK model, implemented in Verilog-A code and circuit simulator, reproduced the experimentally observed NC characteristics in FE-HZO with high accuracy. Of particular note is that, with a small number of domains, the MD-LK model can reproduce experimental results well with various input voltage amplitudes as well as various 350 VOLUME 6, 2018 external resistances. It is considered that, even with a small number of domains, the MD-LK model can capture and express the responses from the whole FE domains in HZO thin film, which can be an advantage as a simulation model. Reliable simulation model should give a high accuracy for various input voltages and various external components. Therefore, our approach and obtained results are considered to be valuable for validation of MD-LK model which have not been demonstrated in other reports [21] - [23] , [25] , [26] .
From the experiments and model-based analyses, the MD-LK model was successfully validated as a dynamic model for FE-HZO capacitor. Because the MD-LK model can be implemented in device or circuit simulations, MD-LK model will be a useful dynamic model for FE-HZO-based devices such as multi-domain NCFET [29] with various experimental conditions. However, we consider that further investigations on the physical validity on the MD-LK model will be necessary from the viewpoints of the switching physics in FE-HZO thin film. For example, the typical range of k value in real FE-HZO is not very clear yet, therefore further study is needed to clarify how the domains interact in FE-HZO thin film. On the other hands, on the basis of the FE material designs for multi-domain NCFET [18] , [19] , [29] , it has been revealed that the strong domain interaction can contribute to the steep subthreshold slope than 60mV/decade [29] . Considering the experimental demonstrations of the FE-HfO 2 -based NCFETs [4] , [5] , [7] , it is considered that there is a possibility of domain interaction in HfO 2 -based FE thin films. It will be our future work to investigate the reasonable k value in real FE-HZO as well as how it impacts on the characteristics of multi-domain NCFET. 
APPENDIX A POOR ACCURACY WITH SD-LK MODEL
The simulated I-t transient characteristics based on SD-LK model are shown in Fig. A , in which the experimental data are also shown. In every curves, first current peaks correspond to the displacement components, and second current peaks correspond to the FE polarization switching components. Please note that even varying ρ in a wide range, the SD-LK model-based simulations are not able to fit to the experimental results with high accuracy [14] , [16] , [21] . This error in the SD-LK model can be attributed to the physical discrepancy between the SD-LK model and the polycrystalline (multi-domain) FE-HZO thin film [23] . In this study, to overcome this error in the SD-LK model, the MD-LK model was proposed and investigated [24] , [27] .
APPENDIX B MODEL VERIFICATION
For verification of the MD-LK model, the model with two domains (N=2) was used [24] . In this step, dynamic VOLUME 6, 2018 351 parameters (ρ i ) of two domains were set to different value; ρ 1 = 1 × 10 4 cm and ρ 2 = 1 × 10 6 cm. The LK static parameters (α, β, and γ) of two domains were extracted by fitting simulated P-V curve with P r = 21.9μC/cm 2 and E c = 0.81MV/cm to the measured P-V curve as shown in Fig. 3 . α = −4.8 × 10 10 Vcm/C, β = 5.0 × 10 19 Vcm 5 /C 3 , and γ = 0 Vcm 9 /C 5 were extracted. The domain interaction was not assumed; k=0 Vcm/C. The area of two domains was assumed to be same. Based on this MD-LK model, I-t characteristic was simulated and shown in Fig. B1 (black line). First current peak corresponds to the displacement components, and second current peak corresponds to the FE polarization switching of domain with ρ 1 = 1 × 10 4 cm, and third current peak corresponds to the polarization switching of domain with ρ 2 = 1 × 10 6 cm. In Fig. B1 , I-t characteristics of the separated SD-LK model whose ρ is set to ρ = ρ 1 (red line) or ρ = ρ 2 (blue line) were also plotted for comparison.
Then, to verify the effect of increasing domain interaction parameter of k value, the MD-LK model-based I-t characteristics with varied k value were simulated and shown in Fig. B2 . A black line corresponds to the case of k=0 Vcm/C which is same data with plotted in Fig. B1 . In Fig. B2 , it is clearly shown that, with an increased k value, two polarization switching-induced current peaks (second and third current peaks) became close as a red line and finally merged to a peak as a blue line. This indicates that due to the strong domain interaction between two domains with a increased k value, FE polarization switching in two domains cannot occur separately anymore.
